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ABSTRACT
We analyze Chandra observations of the Wolf-Rayet (WR) bubble NGC6888. This WR bubble
presents similar spectral and morphological X-ray characteristics to those of S 308, the only other
WR bubble also showing X-ray emission. The observed spectrum is soft, peaking at the N vii line
emission at 0.5 keV with additional line emission at 0.7–0.9 keV and a weak tail of harder emission
up to ∼1.5 keV. This spectrum can be described by a two-temperature optically thin plasma emission
model (T1 ∼ 1.4 × 10
6 K, T2 ∼ 7.4 × 10
6 K). We confirm the results of previous X-ray observations
that no noticeable temperature variations are detected in the nebula. The X-ray-emitting plasma is
distributed in three apparent morphological components: two caps along the tips of the major axis
and an extra contribution toward the northwest blowout not reported in previous analysis of the X-ray
emission toward this WR nebula. Using the plasma model fits of the Chandra ACIS spectra for the
physical properties of the hot gas and the ROSAT PSPC image to account for the incomplete coverage
of Chandra observations, we estimate a luminosity of LX = (7.7± 0.1)×10
33 erg s−1 for NGC6888 at
a distance of 1.26 kpc. The average rms electron density of the X-ray-emitting gas is & 0.4 cm−3 for
a total mass & 1.2M⊙.
Subject headings: ISM: bubbles – ISM: individual (NGC6888) – stars: winds, outflows – stars: Wolf-
Rayet – X-rays: individual (NGC 6888)
1. INTRODUCTION
Wolf-Rayet (WR) bubbles are expected to be filled
with hot plasma at temperatures of ∼ 107–108 K
, but previous X-ray observations of hot bubbles
have shown that this plasma presents lower temper-
atures, of the order of ∼106 K (see Chu 2008).
The scarcity of X-ray detections among WR nebu-
lae is also intriguing; there are only two WR nebu-
lae detected in diffuse X-rays: S 308 and NGC6888
(Bochkarev 1988; Wrigge et al. 1994, 1998; Wrigge 1999;
Wrigge & Wendker 2002; Chu et al. 2003; Wrigge et al.
2005; Zhekov & Park 2011; Toala´ et al. 2012). These two
WR bubbles share several characteristics: the X-ray-
emitting plasma is confined inside optical shells where
the Hα emission presents a clumpy distribution inside an
[O iii] shell (Gruendl et al. 2000), and both bubbles are
nitrogen-rich and surround WN stars with terminal wind
velocities of ∼1800 km s−1 (van der Hucht 2001). This
configuration can be pictured as the WR wind sweeping
up the previously ejected Red Supergiant (RSG) wind
material whilst the central star photoionizing this mate-
rial.
NGC6888 has been the subject of many studies over
the years since it was first reported by Sharpless (1959)
and associated to its central WR star, WR136, by
Johnson & Hogg (1965). The most recent optical study
of this nebula, presented by Ferna´ndez-Mart´ın et al.
(2012), investigated the ionization, chemical composi-
tion, and kinematics in several regions within the nebula.
They concluded that NGC6888 is composed by multiple
shells, and its morphology can be interpreted as a sphere
with an ellipsoidal cavity inside.
The first map of the diffuse X-ray-emitting gas in
NGC6888 was presented by Bochkarev (1988) using Ein-
stein observations; a total flux of ∼10−12 erg cm−2 s−1
was detected in the 0.2–3.0 keV band. Wrigge et al.
(1994) analyzed ROSAT PSPC observations and found
a flux of (1.2 ± 0.5)×10−12 erg cm−2 s−1. Wrigge et al.
(2005) made use of the ASCA SIS and ROSAT PSPC
observations to fit a two-temperature model (T1 ∼ 1.3×
106 K, T2 ∼ 8.5 × 10
6 K) and measured a total ob-
served flux of ∼10−12 erg cm−2 s−1. The most recent
X-ray observations of NGC6888 are those obtained by
Zhekov & Park (2011) using the Suzaku satellite. They
concluded that the spectrum indicates a relatively cool
plasma with T < 5 × 106 K and a small contribution
from a much hotter plasma component with tempera-
ture greater than 2× 107 K. No appreciable temperature
variations are found between the northern and southern
regions of the nebula. The observed flux was reported
to be 2× 10−12 erg cm−2 s −1 in the 0.3–1.5 keV energy
range.
In this paper we present Chandra observations of
NGC6888. A preliminary analysis of this dataset was
presented by Chu et al. (2006), where they showed the
diffuse X-ray emission coming from the NE quadrant
of the nebula (ACIS-S CCDS3). Here we present the
analysis of the ACIS-S CCDS3 and CCDS4, covering
∼62% of the nebula. The spectral properties of the
X-ray-emitting plasma are compared to those derived
previously by other authors using observations obtained
by other X-ray facilities. The data from CCDS4 show
an additional spatial component of X-ray emission which
has not been reported in previous observations.
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Fig. 1.— Chandra ACIS-S image of the diffuse X-ray emission
of NGC6888 in the 0.3-2.0 keV band. Point sources have been
excised from this image. The regions used for spectral analysis are
indicated with polygonal apertures: green, red, and blue solid lines
correspond to source regions, and black dashed lines to background
regions.
2. CHANDRA OBSERVATIONS
The superb angular resolution and sensitivity at soft
energies of Chandra, as compared to previous satellites
that have observed NGC6888, allow a more reliable
study of the soft X-ray emission from the hot plasma
in this nebula. The Chandra observation of NGC6888
was performed on 2003 February 19-20 (Observation ID
3763; PI: R.A. Gruendl) using the Advanced CCD Imag-
ing Spectrometer (ACIS-S) for a total exposure time of
92.8 ks. The NE quadrant of NGC6888 was imaged on
the back-illuminated ACIS-S CCDS3 while the western
region was imaged by CCDS4. The Chandra Interac-
tive Analysis of Observations (CIAO) software package
version 4.4 was used to analyze the data using CALDB
version 3.2.2. Very short periods of high background af-
fected the data and the resulting useful exposure time
is 88.0 ks after excising dead time periods. The Chan-
dra ACIS-S observation detects diffuse emission from
NGC6888 in the soft energy band below 2.0 keV. No
significant emission is detected above this energy limit.
The total background-subtracted count rates of the dif-
fuse X-ray emission for CCDS3 and CCDS4 are 0.160
and 0.053 cnts s−1, respectively.
3. SPATIAL DISTRIBUTION OF THE DIFFUSE X-RAY
EMISSION
In order to analyze the spatial distribution of the hot
gas in NGC6888, we excised all point sources from the
observation using the CIAO dmfilth routine. The iden-
tification of the point sources was made using the CIAO
wavdetect routine. The image of the diffuse X-ray emis-
sion was extracted in the 0.3-2.0 keV energy band and
smoothed with the CIAO task csmooth, with a Gaussian
kernel of 4′′ in the brightest regions and 16′′ and 24′′ in
the faintest ones for the CCDS3 and S4, respectively.
The resultant image is shown in Figure 1.
We compare in Figure 2-left the X-ray image with
Hα and [O iii] optical images of the nebula taken with
the 1 m telescope at the Mount Laguna Observa-
tory (Gruendl et al. 2000). This figure shows a limb-
brightened spatial distribution of the X-ray emission con-
fined within the optical [O iii] shell. In particular the X-
ray-emitting gas in the NE region of the nebula (ACIS-S
CCDS3) seems to fill all the area within the nebula with
a broad emission peak superposed on the Hα clumps,
while the emission detected in ACIS-S CCDS4 can be
associated with the southwest cap of the nebula, and
with emission outside the Hα shell but inside the west-
ern [O iii] skin.
For comparison, we also present in Figure 2-right a
composite picture of the same optical images and the X-
ray emission detected by ROSAT PSPC (Wrigge et al.
1994, 2005). This image demonstrates that the X-ray
emission from NGC6888 is stronger at the caps along the
major axis, but an extra contribution can be detected at
the westernmost regions of the nebula, just inside the op-
tical [O iii] shell. This additional spatial component of
X-ray emission, hinted in previous images of the nebula
made with ROSAT HRI and ASCA (Wrigge et al. 1994;
Wrigge & Wendker 2002; Wrigge et al. 2005), is reminis-
cent of the Northwest blowout in S 308 (Chu et al. 2003;
Toala´ et al. 2012).
4. PHYSICAL PROPERTIES OF THE HOT GAS IN NGC6888
We have carried out the study of the hot gas of
NGC6888 in several steps. First, we have studied the
emission from the nebular gas detected in CCDS3 and
CCDS4, keeping in mind that the former has more re-
liable spectral resolution and sensitivity at lower ener-
gies than CCDS4. Therefore, we have defined two re-
gions encompassing the diffuse X-ray emission registered
in the field of view of the Chandra ACIS-S CCDS3 and
S4 (green polygonal lines in Figure 1).
For further analysis, we have defined several smaller
polygonal aperture regions, also shown in Figure 1, corre-
sponding to different features presented in NGC6888: re-
gions labeled as A comprise the apparent shell and caps,
and regions labeled with B correspond to the shell inte-
rior. We note that both regions are present within each
CCD detector, and thus we have extracted two spectra
corresponding to each morphological feature. For exam-
ple, A1 corresponds to a region extracted from CCDS3
and A2 to a region extracted from CCDS4. The same
applies to regions B1 and B2.
4.1. Spectral Properties
As discussed in Toala´ et al. (2012), the extraction of
spectra from extended sources, as is the case of WR bub-
bles, is challenging because the emission fills almost the
entire field of view of the instrument. The background
contribution can be estimated from high signal-to-noise
blank fields, but as mentioned by Toala´ et al. (2012),
this technique does not produce suitable results because
WR bubbles are located in regions close to the Galac-
tic Plane where extinction and background emission are
significant (Snowden et al. 1997). To show the contribu-
tion of the Galactic background, we plot in Figure 3 the
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Fig. 2.— Left: Composite color picture of the Chandra ACIS-S observation of NGC6888 (blue) and MLO Hα (red) and [O iii] (green)
images. Right: Same as in left image but with ROSAT PSPC image (blue). North is up, East to the left.
background-unsubtracted spectrum from CCDS3 and a
background spectrum extracted from the edge of the
camera. X-ray emission from the background is soft and
show lines in the 0.3–1.0 keV energy band from ther-
mal components (see also figure 5 in Toala´ et al. 2012,
for the case of S 308). The spectral shape of the back-
ground emission certainly differs from that derived from
ACIS blank-field observations. Therefore, the most fea-
sible procedure to subtract the background contribution
is the use of background spectra extracted from areas
near the camera edges, even though the instrumental re-
sponses for sources and background regions do not com-
pletely match each other.
The individual background-subtracted spectra of the
diffuse emission of the NE quadrant and western region of
NGC6888 (namely CCDS3 and CCDS4) are presented
in Figure 4, as well as the individual spectra extracted
from regions A1, A2, B1, and B2. All spectra were ex-
tracted using the CIAO task specextract, which generates
the source and background spectra and their correspond-
ing calibration files. The most notable differences in the
spectral shapes are attributed to the differences in sen-
sitivity of the ACIS-S CCDS3 and CCDS4. All spec-
tra are soft and show two main peaks, a narrow peak at
0.5 keV and a broader peak around 0.7–0.9 keV. The fea-
ture around 0.5 keV can be identified with the N vii ion,
while the feature around ∼0.7–0.9 keV can be associated
with the Fe complex and Ne lines. Above 1.0 keV, the
emission declines and diminishes at energies ≃1.5 keV.
We note that the spectra extracted from CCDS4 show
the instrumental Au M complex at 2.2 keV, which has
not been properly removed due to the reduced spatial
extent of the background region.
In accordance with the spectral properties and pre-
vious spectral fits, all X-ray spectra from NGC6888
have been fit with XSPEC v12.7.0 (Arnaud 1996) us-
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Fig. 3.— Comparison of the raw CCDS3 spectrum (black cir-
cles) and scaled background spectrum extracted from the edges
of CCDS3 (red crosses). The emission lines around 2 keV in the
background spectrum are instrumental lines.
ing an absorbed two-temperature apec optically thin
plasma emission model with an absorption model using
Balucin´ska-Church & McCammon (1992) cross-sections.
A low temperature component is used to model the bulk
of the X-ray emission, while a high temperature com-
ponent is added to model the extra emission at and
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Fig. 4.— Background-subtracted Chandra ACIS-S spectra of the NE (top panels) and western (bottom panels) regions of NGC6888
over-plotted with their best-fit two-temperature apec model (solid lines) in the energy range of 0.3− 3 keV.
above ∼ 0.7 keV. As in previous studies of the X-
ray emission from WR bubbles (see Chu et al. 2003;
Zhekov & Park 2011; Toala´ et al. 2012), we have ini-
tially adopted nebular abundances for the X-ray-emitting
plasma. In particular, we have used abundance values for
N, O, and Ne of 3.2, 0.41, and 0.85 times the solar val-
ues (Anders & Grevesse 1989) as averaged from regions
X1 and X2 described in Ferna´ndez-Mart´ın et al. (2012,
see their Table 4), and 0.39 times the solar value for S
(Moore et al. 2000). Models with variable C, Mg, Fe,
and Ne abundances were also tested. We found that the
fitted abundances of Mg and Fe converged to solar val-
ues, whereas those of Ne tended to 0.85 times the solar
value, i.e., the value determined from optical spectropho-
tometry (Ferna´ndez-Mart´ın et al. 2012). Consequently,
we decided to fix the abundances of Mg, Fe, and Ne to
these values. As for the carbon abundance, the fits could
not converge to specific values because the C vi line at
0.37 keV or C v triplet at 0.3 keV are in the low energy
range, where absorption is high and the instrument sensi-
tivity is low. Therefore, we fixed the value of the carbon
abundance to its solar value. Finally, all spectra were
modeled with varying nitrogen abundance (XN) as the
prominent N vii line at 0.5 keV seems to suggest a pos-
sible nitrogen enrichment of the X-ray-emitting plasma.
The simulated two-temperature apec model spectra ob-
tained were absorbed by the interstellar hydrogen col-
umn of 3.13×1021 cm−2 implied by optical measure-
ments (Hamann et al. 1994). This is the same value
used by previous authors (Wrigge et al. 1994, 2005)
which was found to be uniform throughout NGC6888
by Wendker et al. (1975). Models with variable colum-
nar density NH were also attempted. The absorption
column density showed a correlation with the temper-
ature of the main plasma component (T1), with values
2–4×1021 cm−2 which is adopted here and is consistent
with the value used by Zhekov & Park (2011).
The resultant model spectra were compared with the
observed spectra in the 0.3 - 3 keV energy range and the
χ2 statistics was used to determine the best-fit models.
A minimum of 60 counts per bin was required for the
spectral fit. The plasma temperatures (kT1, kT2) with
1σ uncertainties, normalization factors1 (A1, A2), and
nitrogen abundance (XN) of the best-fit models are listed
in Table 1. Fluxes and luminosities listed in this table
have been computed for the energy range 0.3-2.0 keV.
The best-fit models are over-plotted on the background-
subtracted spectra, together with the residuals of the fits
as solid lines in Figure 4.
4.1.1. Properties of the NE X-ray Emission
The parameters of the best-fit model of the NE quad-
rant of NGC 6888 are listed in Table 1 as CCDS3.
1 A = 1× 10−14
∫
nenHdV/4pid
2, where d is the distance, ne is
the electron density , and V the volume in cgs units.
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The model presents a low-temperature component of
1.6 × 106 K and a second component of 7.8 × 106 K
with an observed flux ratio, f1/f2 ∼ 3, corresponding
to an intrinsic flux ratio F1/F2 ∼ 14. The total ob-
served flux in the 0.3–2 keV energy band is (6.4+0.1−0.2) ×
10−13 erg cm−2 s−1 while the total unabsorbed flux is
(8.0+0.4−0.2)×10
−12 erg cm−2 s−1. The nitrogen abundance
of the best-fit model is ≈5.3 times that of the solar value.
In the case of the resultant spectra from regions A1 and
B1, the temperatures are consistent with those obtained
from the whole region, T1 = 1.6× 10
6 K and T2 = 7.9×
106 K for region A1, and T1 = 1.4 × 10
6 K and T2 =
7.7 × 106 K for region B1, respectively. Their nitrogen
abundances are 5.3 and 3.7 times the solar value for A1
and B1, respectively.
4.1.2. Properties of the Western X-ray Emission
The background-subtracted X-ray spectra from the
western regions of NGC6888 are shown in the lower
panels of Figure 4, which correspond to the total dif-
fuse emission detected by the CCDS4 (left), the emis-
sion from the rim registered by region A2 (middle), and
the emission from inside the WR nebula registered by
region B2 (right). The parameters of the best-fit models
over-plotted to these spectra are presented in Table 1.
We remark that the fits of these spectra failed to con-
strain accurately the nitrogen abundance2, and therefore
we fixed its value to that found for the spectrum of the
CCDS3.
The model of the X-ray-emitting plasma detected
in the western regions of NGC6888 (the ACIS
CCDS4 spectrum) has a lower dominant temper-
ature of 1.2×106 K with a second component of
7.4×106 K. The total observed flux is (8.8 ± 0.8) ×
10−13 erg cm−2 s−1, while the unabsorbed flux is (1.5±
0.3)×10−11 erg cm−2 s−1, with an unabsorbed flux ratio
of F1/F2 ∼ 31.
The resultant spectra from A2 and B2 are consistent
from that obtained for the total spectrum extracted from
CCDS4. T1 = 1.2×10
6 K and T2 = 7.4×10
6 K for region
A2, and T1 = 1.4×10
6 K and T2 = 7.5×10
6 K for region
B23. The unabsorbed flux ratios are F1/F2 ∼35 and∼ 26
for A2 and B2, respectively.
4.2. Global Properties of the hot gas in NGC6888
To assess the global properties of the hot gas in
NGC6888, we have derived the parameters of the two-
temperature plasma emission model that best describes
the total X-ray emission detected by Chandra. The
2 At first glance, this may seem perplexing because the CCDS4
and B2 spectra have larger total count numbers than the B1 spec-
trum from CCDS3 which could be used instead to derive the ni-
trogen abundance. The cause of this apparent conflict originates
in the reduced sensitivity of the front-illuminated (FI) CCDS4 at
∼0.5 keV, the energy of the N vii line, which is a few times smaller
than that of the back-illuminated (BI) CCDS3. This is clearly il-
lustrated by the differing shapes of the spectra detected by the BI
CCDS3 and the FI CCDS4 (Figure 4). As a result, the FI CCDS4
detects a count number at the N vii line which is insufficient for a
reliable estimate of the nitrogen abundance.
3 Due to the low count number of the B2 spectrum, the tem-
perature of the hottest component in this region could not be fit-
ted. Consequently, the temperature of this component was fixed
at 0.65 keV.
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Fig. 5.— Plot of the temperatures of the cold and hot plasma
components for the different spatial regions defined for the anal-
ysis of NGC6888. The inset shows a chart of the correspondence
between symbols and spatial regions, where the star marks the
location of the temperatures derived from the joint fit CCDS34.
CCDS3 and CCDS4 spectra have been fitted simulta-
neously using the same hydrogen column density and
plasma parameters (kT1, kT2, XN). The results of this
joint fit are given in Table 1 as CCD S34. The nor-
malization factor of the cold thermal component of both
spectra (AS31 , A
S4
1 ) were obviously allowed to vary to ac-
count for the different volume emission measure of hot
gas mapped by each detector. The ratio between the
normalization factors of the cold and hot components
was also allowed to vary, but it was kept the same for
both spectra (AS32 /A
S3
1 ≡ A
S4
2 /A
S4
1 ≡ A
S34
2 /A
S34
1 ), i.e., it
was assumed that the relative contribution of both com-
ponents of the X-ray-emitting plasma is the same across
the nebula. The values of the normalization factors listed
for this fit have been obtained by adding the normal-
ization factor of each component for the CCD S3 and
CCD S4 spectra (AS341 = A
S3
1 +A
S4
1 , A
S34
2 = A
S3
2 +A
S4
2 ).
The temperature of the two components of this model,
T1 =1.4×10
6 K and T2 =7.4×10
6 K, are enclosed within
those obtained for the CCDS3 and S4 spectra. For com-
parison with all regions, we show in Figure 5 the temper-
ature distribution obtained from our fits for the different
regions. Accounting for the uncertainties, there is a good
agreement for the temperature components of the differ-
ent regions.
The total observed flux is fX = (1.5 ± 0.2) ×
10−12 erg cm−2 s−1, which corresponds to an unabsorbed
flux of FX = (2.5 ± 0.3) × 10
−11 erg cm−2 s−1. The
comparison between ROSAT PSPC and Chandra ACIS
images indicates that the latter includes ≃ 62 % of the
total X-ray flux of NGC6888. With this we can estimate
a total X-ray intrinsic flux of FX,TOT = (4.05 ± 0.5) ×
10−11 erg cm−2 s−1. Adopting a distance of 1.26 kpc,
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the total X-ray luminosity of NGC6888 in the 0.3-2.0
keV energy range is LX = (7.7± 0.1)× 10
33 erg s−1.
To proceed to the calculation of the electron density
and mass of the X-ray-emitting plasma in NGC6888 we
need to adopt a geometrical model for the nebula in or-
der to estimate the volume occupied by the hot plasma.
It is tempting to assume an ellipsoidal geometry, as sug-
gested by the Hα images, however the Chandra ACIS-
S and ROSAT PSPC observations of NGC 6888 have
disclosed emission external to the Hα shell, just inside
the [O iii] skin (see Figure 2), that implies a different
physical structure. Ferna´ndez-Mart´ın et al. (2012) de-
scribe a simple morphology for NGC6888 where an el-
lipsoidal cavity has been carved inside the almost spher-
ical outer optical shell. We can estimate lower and up-
per limits of the electron density of the X-ray-emitting
gas by adopting spherical and ellipsoidal geometries, re-
spectively. For the spherical model, we have adopted
a radius of 9′ to obtain an rms electron density of
ne = 0.4(ǫ/0.1)
−1/2 cm−3, implying a mass of the X-
ray-emitting gas of mX = 1.7(ǫ/0.1)
1/2 M⊙, where ǫ is
the gas filling factor. For the ellipsoidal case, we have
assumed semiaxes of 9′, 6′, and 6′ to obtain an rms elec-
tron density of ne = 0.6(ǫ/0.1)
−1/2 cm−3 and a mass of
the X-ray-emitting gas of mX = 1.2(ǫ/0.1)
1/2 M⊙.
5. DISCUSSION
5.1. Comparison with previous X-ray studies
All previous X-ray analyses of the diffuse X-ray emis-
sion from NGC6888 agree on the presence of a main
plasma component with a temperature ≃1.4×106 K con-
sistent with that reported in our analysis of the Chan-
dra ACIS data. As for the hot component, there are
notable discrepancies: Wrigge et al. (1994) did not find
evidence of this hot component using ROSAT PSPC
data, Wrigge et al. (2005) found a hot component with
a temperature marginally higher by ≃13% than ours us-
ing ASCA SIS observations, and Zhekov & Park (2011)
reported a second temperature component significantly
hotter than ours, kT > 2 keV, using Suzaku XIS data.
The lack of hot component in the ROSAT PSPC data
can be attributed to the low sensitivity of this instrument
to energies above 1.0 keV. On the other hand, the high
temperature for the secondary component reported by
Zhekov & Park (2011) originated on the high level of X-
ray emission in the range 1.5-4.0 keV found in the Suzaku
XIS data. The lack of such a hard component in the
spectra derived from the Chandra ACIS observations is
in sharp contrast with the Suzaku XIS data. We present
in Figure 6 the combined spectrum of point sources pro-
jected onto the nebula in the ACIS-S3 detector. The
spectrum of the point sources is clearly harder than
that of the nebula and shows significant emission above
0.8 keV up to 5-7 keV. Its count rate is 0.0188∼0.0005
cnts s−1, i.e., ∼12% that of the nebular ACIS-S3 region.
This emission can be formally fitted using an absorbed
model4 comprising an optically-thin plasma emission
component at a temperature of (7.7±1.0)×106 K and
a power-law component with photon index Γ=1.16±0.08
4 For consistency with the spectral fit of the nebular emission
from NGC6888, we have adopted a hydrogen column density of
3.1×1021 cm−2.
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Fig. 6.— (top panel) Background-subtracted spectrum of point
sources projected onto the nebula NGC6888 in the Chandra ACIS-
S3 detector overplotted with the best-fit model (black histogram)
consisting of an absorbed apec (red histogram) and a power law
(blue histogram) model. See text for details. (Bootom panel)
Residuals of the spectral fit.
for a reduced χ2 of 62.30/63=0.99. The flux of this emis-
sion in the 0.3-2.0 keV is (4.1±0.3)×10−14 erg cm−2 s−1,
i.e., it acounts for 6% of the nebular flux measured in
the ACIS-S3 spectrum in this band. The total flux in
the 0.3-9.0 keV of this component is (2.46±0.24)×10−13
erg cm−2 s−1. These results demonstrate that the hard,
1.5-4.0 keV component detected by Suzaku is an obser-
vational artifact caused by its limited spatial resolution
(∼2′), which makes difficult to identify point sources in
the field of view of NGC6888 and to excise their contri-
bution from the diffuse emission.
The first observations of the X-ray emission toward
NGC6888 reported absorbed fluxes∼10−12 erg cm−2 s−1
(e.g., Bochkarev 1988; Wrigge et al. 1994, 2005) that
were raised up to ∼2×10−12 erg cm−2 s−1 by the more
recent Suzaku’s observations (Zhekov & Park 2011). Our
estimate for the observed flux (2.4×10−12 erg cm−2 s−1)
is in good agreement with the latest measurements de-
spite that a fraction of the nebula was not registered
by the ACIS-S detectors and we had to rely on ROSAT
PSPC observations to estimate the total flux. Sensi-
tive observations with a large field of view, as those that
would be provided by XMM-Newton, are most needed to
search for the fainter and more extended X-ray emission
in this WR nebula.
Our Chandra ACIS-S observation yielded the detection
of three peaks in the spatial distribution of the diffuse X-
ray emission in NGC6888: two associated with the caps,
and another one toward the NW blowout at the western
edge of the ACIS-S field of view in CCDS4. The latter
peak in the X-ray emission is hinted in ROSAT PSPC
and HRI, and ASCA SIS observations (Wrigge et al.
1994; Wrigge & Wendker 2002; Wrigge et al. 2005), but
it has not been reported previously to be part of the X-
Fig. 7.— Spitzer MIPS 24 µm (red), WISE 12 µm (green),
and ROSAT PSPC (blue and contours) colour-composite picture
of NGC6888.
ray-emitting gas associated with the nebula5. This ad-
ditional emission component is located in a region with
no Hα counterpart (see Figure 2; Gruendl et al. 2000),
but it is spatially delineated by the [O iii] outer shell.
The situation is reminiscent of the northwest blowout in
S 308, which can be ascribed to the action of the hot gas
carving a cavity towards a low density region of the cir-
cumstellar medium (CSM; Chu et al. 2003; Toala´ et al.
2012).
In contrast to the limb-brightened morphology of
the X-ray-emitting gas reported for S 308 (Toala´ et al.
2012), the current (and previous) X-ray observations
of NGC6888 do not show such a simple morphology,
but that the hot gas is distributed in (at least) three
maxima. The comparison between infrared images of
NGC6888 and that obtained by ROSAT PSPC of the
X-ray-emitting gas (see Figure 6) is suggestive of a cor-
relation between the regions where the X-ray emission
is faintest, toward the southeast region of NGC6888,
and a molecular filament traced in infrared wavelengths.
Spatial variations of the amount of intervening material
across the nebula, not accounted so far, can be playing
an interesting role in the X-ray morphology of NGC6888.
Finally, it is worth mentioning here that the apparent
nitrogen overabundances are still consistent with the val-
ues reported by Ferna´ndez-Mart´ın et al. (2012) in their
region X1. This region is spatially coincident with one
of the brightest clumps in the X-ray-emitting region.
5.2. Comparison with simulations
There have been several attempts in the past to model
the morphology and X-ray emission from NGC6888 re-
vealed by ROSAT, ASCA, and Suzaku observations.
5 The Suzaku observations did not map this nebular region,
which was not registered by its detectors.
8 Toala´ et al.
One-dimensional (1D) analytic or hydrodynamic mod-
els are an elegant first approximation to the evolution of
the CSM of WR stars (e.g., Zhekov & Myasnikov 1998),
although they do not include the effects of ionization
due to the central star, neither can they reproduce the
wealth of structures produced by hydrodynamical in-
stabilities, which seem to trace the X-ray-emitting gas
in some regions inside the bubble. Furthermore, those
simulations are not able to reproduce simultaneously re-
gions in which instabilities are important (e.g., the caps)
and regions where there are no clumps (the blowout).
Garc´ıa-Segura et al. (1996) presented 2D hydrodynam-
ical simulations of the evolving medium around a star
with an initial mass of 35 M⊙. The broad morphological
properties of NGC6888 could be reproduced adopting a
slow RSG wind of 15 km s−1. These simulations were
refined by Freyer et al. (2006) who included the effects
of photoionization. Despite the progress achieved by the
2D radiative hydrodynamic models published to date,
which have helped us advance our understanding of the
formation of NGC6888, they fail to produce blowout-like
features. Blowouts might result from anisotropies in the
RSG or non uniformities in the interstellar medium. Sim-
ulations recently presented by Rogers & Pittard (2013)
explore the evolution of a non uniform initial interstel-
lar medium around massive stars. Specific modeling ac-
counting for these features are needed to understand the
morphology and distribution of the X-ray-emitting gas
in NGC6888.
It is often argued that thermal conduction between
the cold (104 K) outer RSG material and the inner hot
(107 − 108 K) bubble causes the temperature of the hot
bubble to drop to the observed values of TX ∼10
6 K
(e.g., Zhekov & Myasnikov 1998; Arthur 2007; Pittard
2007). Toala´ & Arthur (2011) recently presented nu-
merical models including conductive effects (classical and
saturated thermal conduction) of WR bubbles that result
in a wide range of temperatures capable of generating
the soft X-ray emission observed in NGC6888. Indeed,
they present a spectrum corresponding to a nitrogen-rich
plasma that shows two main components, one at 0.5 keV
and another at ∼0.9 keV, very similar to the spectra
presented in Figure 4 (see also Dwarkadas & Rosenberg
2013, for a comparison with models without thermal con-
duction).
Finally, it is interesting to check whether the cen-
tral star of NGC6888 can provide the observed X-ray-
emitting material. Garc´ıa-Segura et al. (1996) could
match the morphology of their 2D simulations with that
of NGC6888 at a time ∼12,000 yr after the onset of
the WR phase. That time-lapse is further reduced to
∼8,000 yr when the dynamical effects on the nebular ma-
terial of the photoionization are accounted (Freyer et al.
2006). For a mass-loss rate of 3.1×10−5 M⊙ yr
−1
(Abbott et al. 1986), the total mass provided by the star
amounts up to 0.25–0.37 M⊙, which is smaller than the
estimate of >1 M⊙ for the mass of hot plasma inside
NGC6888. Apparently, the WR wind has not had suffi-
cient time to inject all the hot gas inside NGC6888. This
supports the possibility that physical processes such as
thermal conduction have transferred material from the
outer RSG shell into the hot bubble. The enhanced N/O
ratio of the hot plasma, similar to that measured in the
cold shell through optical emission lines, is in concor-
dance with this possibility.
6. SUMMARY AND CONCLUSIONS
We present Chandra ACIS-S observations of the NE
quadrant and western regions of NGC6888. We have
used these observations to study the spatial distribution
of the diffuse X-ray emission inside the nebula and de-
rived global values of its physical conditions. In particu-
lar we find:
• The hot gas in NGC6888 is distributed inside the
optical shell delineated by [O iii] emission. The
spatial distribution of the X-ray emission shows
enhancements towards the caps and a blowout
present in the NW region of NGC6888. This
blowout, not discussed in previous studies, has no
Hα counterpart, but an outer skin of [O iii] is de-
tected. The X-ray-emitting gas is, thus, traced
by Hα clumps inside the nebular shell and by the
blowout. No clear evidence of limb-brightening is
detected.
• The X-ray emission is dominated by the N vii
0.5 keV line with additional contributions of the Fe
complex and Ne ix line at 0.7–0.9 keV. The spec-
trum declines with energy, fading at energies higher
than 1.5 keV. The X-ray emission from NGC6888
can be described by a two-temperature optically
thin plasma emission model with temperatures of
∼1.4×106 K and 7.4×106 K.
• The intrinsic total flux emitted by NGC6888 in
the 0.3-2 keV energy band is estimated to be ∼
(4.05 ± 0.5) × 10−11 erg cm−2 s−1, and the X-ray
luminosity at a distance of 1.26 kpc is LX = (7.7±
0.1)× 1033 erg s−1.
• The estimated rms electron density ne of the X-
ray-emitting gas ranges between 0.4 × (ǫ/0.1)−1/2
and 0.6 × (ǫ/0.1)−1/2 cm−3 resulting in an es-
timated total mass of 1.7 × (ǫ/0.1)1/2M⊙ and
1.2×(ǫ/0.1)1/2M⊙, respectively. The density, tem-
perature, and abundance of the X-ray-emitting gas
are consistent with the expectation of thermal con-
duction at the wind-wind interaction zone, where
the RSG wind material is mixed in the shockedWR
wind in the bubble interior.
Future XMM-Newton observations are needed to ac-
quire a complete view of the soft X-ray emission from
the hot plasma in NGC6888 with better spatial cover-
age, sensitivity, and energy resolution than the existing
studies. As the blowout detected in NGC6888 is at the
edge of the cameras of the ACIS-S instrument and a sig-
nificant section of the bubble remains unobserved, XMM-
Newton observations could finally unveil the total distri-
bution of the hot gas in this nebula. The soft sensitivity
and spatial coverage of such observations would also be
very valuable to assess the varying amounts of interven-
ing material across the nebula suggested by optical and
infrared observations.
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